Translocation of Fe was studied in WF9 (Fe-efficient) 
milligrams per liter. Relative acid contents in root saps were as follows: malate > aconitate > citrate. Citric acid concentrations in stem exudates were nearly the same as in root sap. Malic acid concentrations were considerably lower in exudates than in root saps, and only a trace of aconitic acid was detected in the exudates. The concentration of Fe was 7-fold higher in exudate of WF9 than in exudate of ysi/ysi and the concentration of exudate P was about the same for both genotypes.
Electropherograms of WF9 stem exudates showed that 9Fe moved toward the anode as "Fe-citrate. Exudates of ysi/ys, contained insufflicient "Fe to produce radiographs. When (12) proposed that if organic acids keep Fe mobile in external solutions, they might perform a similar role inside the plant. This idea was reasonable, but only within recent years has evidence accumulated to confirm this view. Present knowledge indicates that citric acid is the major compound involved in translocating Fe in plants (1, 4, (14) (15) (16) (17) (18) .
Evidence for the participation of citrate in Fe solubility and transport, however, does not rule out the participation of other organic acids with similar chemical structures and related metabolic functions. Aconitic acid is closely related to citrate in these matters. Trans-aconitic acid is the predominant acid in maize (5, 11) and accumulates in relatively high concentrations (6) . The concentration of trans-aconitic acid in plant tissues decreases under conditions of most mineral deficiencies (5) and has been reported to be higher in maize roots grown with adequate Fe (20) . The objectives of this study were: (a) to investigate Fe binding properties of organic acids, particularly that of trans-aconitic acid compared with citric acid, (b) to determine organic acid contents of root saps and xylem exudates of WF9 and ys1/ys1 maize, and (c) to compare root absorption of Fe and, particularly, Fe release to the xylem by these plants.
MATERIALS AND METHODS
Nutrient Solutions and Plant Growth. Seeds of WF9 and ysJ/ ys1 (Zea mays L.) were grown in nutrient solutions consisting of (mg/i): 102 Ca, 55 K, 15 Mg, 39 NO.-N, 10 NH4-N, 15 Cl, 14S, 3 P, 0.36 Mn, 0.20 B, 0.11 Zn, 0.03 Cu, and 0.06 Mo. Iron was added as FeHEDTA.2 Before plants were placed in the nutrient solutions, the pH of the solution was adjusted to 6.5 with 1 N NaOH. Two 7-day-old seedlings without attached seeds were transferred to each 9-liter plastic container of nutrient solution and grown 10 or 11 days. Plants grown for the collection of exudates were given 1 mg Fe/l of solution for 7 days before they were brought into Fe stress by supplying solutions containing 20 ,umoles of EDDHA and no Fe. After 1 day in the EDDHA solutions, both Fe and EDDHA were omitted from the nutrient solutions. In 4 to 5 days, the upper leaves of the plants became very chlorotic, but growth was not affected appreciably. The plants were grown in a controlled light room under 8-hr darkness, 16-hr light at 1500 ft-c and 24 ± 2 C. Procedures for germination of seed and growth of seedlings are described elsewhere (2) .
Exudate Collection. Iron-stressed plants were rinsed with deionized water and transferred to "absorption" solutions. Except for Fe, salt concentrations were the same as in the previous solutions. Iron added to the absorption solution was 0.25 mg/l with 25 ,uc of 'Fe. Exudate collection from maize involved excision at the base of the stalk, leaving about a 5 mm thickness at the base attached to the roots. Xylem exudate from the cut surface was delivered via plastic tubing to tubes held in ice. The plants used for exudate collection were transferred to absorption solutions after 7 hr into the 16-hr light period, and exudates were collected for 12 hr in the dark at 24 + periment, roots were rinsed with deionized water, blotted, weighed, and frozen in plastic bags. Root saps were obtained by thawing the roots and expressing the root sap with a Carver3 press. Citric, malic, and aconitic acids were determined in the root saps directly, and 0.5 ml of root sap was dried in planchets, and the 6'Fe was counted in a proportional counter.
Methods of Analysis. Phosphorus was determined by the vanadomolybdophosphate method (10) and Fe by the o-phenanthroline method (13) . Radioiron was determined by a proportional counter. Citric acid was determined by the pentabromacetone method (8) , aconitic acid by an acetic anhydridepyridine method (7), and malic acid by a modified malic dehydrogenase method (9) . Procedures for malic acid determination were as follows: 0.6 ml buffer (0.4 M hydrazine, 1 M glycine, 0.007 M EDTA, pH 9.5, with NaOH), 0.1 ml of ,3-NAD (40 mg/ml), sample, and water were added to make 1.8 ml of total volume in test tubes. Reactions were started by adding 0.2 ml of malic dehydrogenase containing 125 ,tmole units/ml (Sigma Chemical Co., St. Louis, Mo.) in 2.8 M ammonium sulfate, pH 6, or by adding 0.2 ml of water, shaking and incubating 30 min at 37 C. The reaction mixture was cooled 6 min at 25 C, and the absorbance was read at 334 nm. Reaction mixtures containing all reagents except malic dehydrogenase were used as blanks. Malic acid concentrations were calculated by reference to known standards.
Electrophoresis of Exudates and Standard "9Fe-Organic Acids. General procedures and apparatus used for electrophoresis have been described (14) . In the first experiment, WF9 exudate and ys1/ys1 exudate (Table II) were subjected to electrophoresis in five buffers: acetate, citrate, isocitrate, transaconitate, and malate. All buffers contained 20 mm sodium acetate at pH 5.4, but the last four contained one of the other organic acids at a concentration of 1 tuM. Because ys1/ys1 exudate contained very little 59Fe, additional Fe(NO3)3 and "Fe were added to give 12 /eM Fe and radioactivity near that in WF9 exudate. Five strips of Whatman No. 3 MM paper (7 x 57 cm) were saturated with the respective buffers and equilibrated 3 hr. The two exudates were then subjected to electrophoresis on each paper. Further details are given in the legend to Figure 1 . After treatment the papers were dried and radiographed with Kodak no-screen x-ray film to determine the 'Fe distribution.
In a second experiment, Fe(NO3)3, organic acids, sodium acetate (pH 5.4), and "9Fe were mixed to give test solutions, each containing 12 ,uM Fe, 1 uM organic acid, 20 uMm sodium acetate, and radioactivity comparable with that in WF9 exudate (Table  III) . After equilibration for 24 hr, these solutions were treated electrophoretically, as in the previous experiment. sap were 0.98, 1.56, and 0.37 for ys,/ys1, and 0.37, 1.51, and 0.22 ,umoles/ml for WF9, respectively. The concentration of aconitic acid was almost nil in exudates (Table II) compared to that of root sap, and malic acid in exudates was about onefifth that in the root sap. Citric acid levels in exudates and root sap were more nearly comparable.
The concentration of 5"Fe in the WF9 exudate (Table II) was nearly 200-fold higher than that in ys1/ys,; on a total Fe basis there was approximately a 7-fold difference. The P concentration was about the same in the exudate of the two genotypes (Table II) .
The total amount of Fe in or on the root was not limiting.
It was nearly twice as great in ys,/ys1 as in WF9 (Table III) .
Approximately 10% of the "Fe in the root was expressed in the root sap (Table III) . The '5Fe content of the root was about the same for both genotypes.
The very low concentration of "5Fe in ys,/ys1 exudate (Table  II) Acetate and organic acid buffers (A, C, and D, Fig. 1 ) apparently competed slightly with citrate for Fe as shown by film darkening at the origin and some streaking toward the Fecitrate spots. The electrophoretic path was obviously cleaner for citrate buffer B. Figure 2 shows electrophoretic patterns for known Felabeled acids. Patterns for acetate and trans-aconitate buffers were nearly identical. Acetic and trans-aconitic acids were not very effective in moving Fe from the origin (paths A-3 and D-3), although D-3 shows some streaking to about 8 cm anodically. The electrophoresis of Fe-citrate in citrate buffer is on path B-1. Some Fe was located at about 10 cm, but most of the Fe concentration was near 12.5 cm. Isocitrate (path B-2) apparently competed with the citrate buffer, holding some Fe away from citrate and thus accounting for the greater proportion of Fe at 10 cm compared with path B-1. Trans-aconitic acid did not compete significantly with citric acid for Fe. Feaconitate was spotted at the origin on path B-3. The Fe apparently was released to citrate buffer fairly rapidly, for in the 1-hr electrophoretic period, the Fe moved to positions similar to that on path B-1.
The release of Fe from Fe-aconitate to isocitrate buffer on path C-3 was not as rapid as it was to citrate buffer on B-3. This is apparent from the streaking of Fe in the central area from 3 to 8 cm. Apparently, the equilibrium was not rapid enough on path C-3 to produce the patterns of the pre-equilibrated Fe-isocitrate shown on path C-2. We must emphasize that trans-aconitic acid was very low (1 ,uM) in the xylem exudate of WF9 (Table II) . The molar ratio of the trans-aconitate to Fe was 1:58. This necessarily precludes significant Fe binding by this acid in the xylem stream.
The equilibrium of isocitric acid with xylem Fe cannot be determined from the present data. Solutions were not analyzed for isocitric acid and, unfortunately, thermodynamic constants for Fe-isocitrate stability are not available. The empirical results from competitive systems shown in Figure 2 indicate, however, that citric acid equilibrates with Fe (from Fe-transaconitate) more rapidly and transports it with less streaking than does isocitric acid.
The stability values for Fe-isocitrate, when these become known, probably will be near those of Fe-citrate. The most rapidly migrating Fe spot (Fig. 1) is characteristic of ferric-citrate distribution. Similar patterns have been shown for soybean and sunflower (14, 15) . Continuous electrophoresis of Fe-containing exudates (18) has also given similar Fe bands for maize and other plant species. We cannot explain the double spots for the Fe-citrate and Fe-isocitrate in Figure 2 . We do not know whether this pattern relates to chelate formation kinetics that did not allow equilibrium, to differences in the numbers of Fe atoms and acid molecules in the migrating complexes, or to other factors such as mixed chelates. Further work will be necessary to resolve these questions.
The relatively high levels of trans-aconitic and malic acids in root cells (as shown by root sap) of ys,/ys1 and WF9 (Table  I) 
